Introduction {#s001}
============

T[he T-cell receptor (TCR),]{.smallcaps} expressed in noncovalent association with the CD3 complex at the plasma membrane, is the receptor responsible for activating the adaptive immune functions of T cells.^[@B1]^ This receptor is composed of the clonotypic TCRαβ (or TCRγδ) heterodimer that usually recognizes antigens in the form of peptides presented by the major histocompatibility complex.^[@B2]^ TCR antigen recognition activates the signal transduction cascade from the associated CD3 complex,^[@B3]^ which is composed of four invariant subunits: CD3ɛ, CD3γ, CD3δ, and CD3ζ.^[@B4]^ All subunits of the TCR/CD3 complex are synthesized in the endoplasmic reticulum of T cells, and expression of all of them is necessary for the receptor to be properly folded, assembled, and transported to the plasma membrane.^[@B5]^ Surface expression of the TCR/CD3 complex, including all four CD3 subunits, is essential for T-cell development.^[@B6]--[@B10]^ In CD3γδɛ^−/−^ mice (originally named CD3ɛ^ΔP^), the insertion of the neomycin phosphotransferase cassette (neo-cassette) into the *CD3ɛ* locus on chromosome 9 was shown to also silence the expression of the linked genes *CD3γ* and *CD3δ*.^[@B9],[@B11],[@B12]^ Crossing the CD3γδɛ^−/−^ with CD3ζ^−/−^ mice results in a strain deficient in all four CD3 subunits, CD3γδɛζ^−/−^.^[@B13]^ Deficiency of all CD3 subunits impedes T-cell development and results in mice that lack mature T cells.^[@B13]^

Bone marrow precursors from the CD3γδɛζ^−/−^ mice can be ideal to study the roles of TCR/CD3 proteins in the development and function of T cells, when retroviral transduction coupled with bone marrow reconstitution is employed to provide WT or mutant *CD3* transgenes. This principle was well illustrated in a series of work by Dr. Dario Vignali and colleagues, who used a multicistronic retroviral system to transduce CD3γδɛζ^−/−^ bone marrow with genes for all TCR/CD3 subunits, and used the transduced bone marrow to reconstitute lethally irradiated CD3γδɛζ^−/−^ mice.^[@B14]--[@B16]^ This launched the experimental use of TCR/CD3 retrogenic mice, a system that has gained significant popularity for its applicability to the study of T-cell signaling in primary immune responses.

Because CD3γδɛζ^−/−^ mice lack peripheral T cells, their adaptive immune system is compromised. Consequently, production of these valuable mice through heterozygous breeding on a C57BL/6 (B6) background can be desirable to maintain the *CD3* knockout (KO) alleles present in healthy, productive breeders. Because either one of the *CD3ɛ* or *CD3ζ* KO alleles results in impaired assembly and surface expression of the remaining TCR/CD3 subunits, genotyping methods based on immunofluorescence staining of surface proteins by flow cytometry is not useful to distinguish CD3γδɛζ^−/−^ mice from single knockouts. Currently, only Northern and Southern blot approaches have been published for use in genotyping mice from colonies carrying the KO alleles for these *CD3ɛ* and *CD3ζ* genes. In an attempt to develop a more rapid and simple genotyping method to apply to the CD3γδɛζ^−/−^ mice and their parental strains, CD3γδɛ^−/−^ and CD3ζ^−/−^, we have developed a new screening method based on polymerase chain reaction (PCR), a technique previously shown to be useful for screening mouse genomic DNA.^[@B17]^

Materials and Methods {#s002}
=====================

Mice {#s003}
----

B6 mice were purchased from The Jackson Laboratory (Bar Harbor, Maine). CD3γδɛζ^−/−^ mice on the B6 background were bred in a rodent barrier facility from homozygous progenitors that were kindly provided by Dr. Cox Terhorst (Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, MA) and Dr. Dario Vignali (St. Jude Children\'s Research Hospital, Memphis, TN). CD3γδɛζ^−/−^×B6 (F1) mice, double heterozygous for the WT and KO alleles of the *CD3ɛ* and *CD3ζ* genes, were generated by crossing CD3γδɛζ^−/−^ mice with B6 mice in our animal facility. In addition, F2 offspring were generated by intercrossing F1 mice, and F3 offspring were generated by intercrossing F2 mice. Mouse procedures were approved by Mayo Institutional Animal Care and Use Committee and are consistent with National Institutes of Health guidelines for the care and use of animals.

Design of PCR primers {#s004}
---------------------

For the *CD3ɛ* gene, pairs of forward and reverse primers were designed to specifically amplify either the wild-type (WT) WT or the KO allele in separate PCR amplifications ([Table 1](#T1){ref-type="table"}). Primers annealing with the *CD3ɛ* WT allele were located inside the sequence that in the KO allele was replaced by the neo-cassette ([Fig. 1](#f1){ref-type="fig"}). For the pair of primers directed against the *CD3ɛ* KO allele, the forward primer was designed to anneal in the *CD3ɛ* gene upstream of the inserted neo-cassette, whereas the reverse primer annealed in the 5′ region within the neo-cassette ([Fig. 1](#f1){ref-type="fig"}). For the *CD3ζ* gene, a common reverse primer annealing with both WT and KO alleles was designed to be located downstream of the neo-cassette insertion point ([Fig. 1](#f1){ref-type="fig"}). This primer was paired with a forward primer specific for either the *CD3ζ* WT or the *CD3ζ* KO allele. The forward primer specific for the *CD3ζ* WT allele was designed to anneal in the 3′ region of the genomic DNA sequence substituted by the neo-cassette in the CD3ζ^−/−^ mouse ([Fig. 1](#f1){ref-type="fig"}). The forward primer specific for the *CD3ζ* KO allele was located in the 3′ region of the neo-cassette ([Fig. 1](#f1){ref-type="fig"}). Using these three *CD3ζ* primers in a single reaction to amplify both alleles in the F1 mice led to variable results (data not shown) possibly caused by competition of both forward primers for the reverse primer. To solve this problem, two PCR amplifications were performed separately, one to screen the WT allele, and one to screen the KO allele of the *CD3ζ* gene. In order to ensure that these sets of primers would be compatible with the screening of mice that may carry KO alleles for both *CD3ɛ* and *CD3ζ* genes, we prevented the neo-cassette inserted in the KO allele of one *CD3* gene from interfering with the PCR of the other *CD3* KO allele by designing the primers for *CD3ɛ* KO allele to anneal in the 5′ region of the neo-cassette and those for the *CD3ζ* KO allele to anneal to the 3′ region ([Fig. 1](#f1){ref-type="fig"}).

![Location of the primers used to genotype the wild-type (WT) and knockout (KO) alleles of the *CD3ɛ* and *CD3ζ* genes. Schematic map showing the location of the forward (right pointing arrows) and reverse (left pointing arrows) primers designed to specifically amplify the WT and the KO alleles of *CD3ɛ* **(A)** and *CD3ζ* **(B)** genes.](fig-1){#f1}

###### 

Sequence of Polymerase Chain Reaction Primers Used to Genotype the Wild-Type and Knockout Alleles of the *CD3~ɛ~* and *CD3ζ* Genes

  *Gene*   *Allele specificity*   *Sense*   *Sequence*
  -------- ---------------------- --------- ----------------------------------
  *CD3ɛ*   WT                     Forward   5′-TGC AAG GTT CAC AGT CTT GC-3′
           WT                     Reverse   5′-TTC CAC GAC AGA CAG AAC TC-3′
           KO                     Forward   5′-GGC AGT GAA AGG GAG AAA TC-3′
           KO                     Reverse   5′-TCA TAG CCG AAT AGC CTC TC-3′
  *CD3ζ*   WT                     Forward   5′-AAT GAT GCC CAT GTG CCA AC-3′
           KO                     Forward   5′-AAG AGG CTC TAA GCT GAA GC-3′
           WT, KO                 Reverse   5′-ACA AAC TCC CTT GTT GGC TC-3′

WT, wild type; KO, knockout.

Preparation of genomic DNA as PCR template {#s005}
------------------------------------------

Genomic DNA was isolated from mouse-tail tissue using the commercial kit DNeasy^®^ Blood & Tissue (Qiagen) following the protocol provided by the manufacturer. Tail tissue was cut into small pieces and incubated overnight at 56°C in lysis buffer supplemented with proteinase K (both included in the kit). The next day, 200 μL of AL buffer (included in the kit) mixed with 200 μL of ethanol was added to the samples and strongly shaken in a Vortex Gene 2 (Scientific Industries). The mixture was transferred to a DNeasy Mini Spin column (provided with the kit) and centrifuged for 1 min at 6000 *g*. Flow-through was discarded, and 500 μL of AW1 buffer (included in the kit) was added to the column and spun using the same conditions. Flow-through was discarded again. Five hundred microliters of buffer AW2 (included with the kit) was added to the column and centrifuged at 20,000 *g* for 3 min. The column was incubated for 1 min with 100 μL of DNAse free water (Promega). A final centrifugation for 1 min at 6000 *g* was performed. Concentration of total DNA was measured in a Nanodrop ND-1000 Spectrophotometer (Thermo Scientific).

PCR Methods {#s006}
-----------

Primers were synthesized by Integrated DNA Technologies. Stock vials of primers described above were resuspended to a final concentration of 100 μM in DNAse free water and diluted 1:10 to make working solutions prior to being employed in the PCR amplifications. For each *CD3* gene tested, two PCR amplifications per mouse were set: one specific to detect the WT allele, and another one for the KO allele. Each PCR amplification was prepared by mixing 12.5 μL of GoTaq® Green Master Mix (Promega), 2.5 μL of each of the corresponding primer, and 100 ng of genomic DNA to function as the PCR template. A final volume of 25 μL was achieved using DNAse free water (Promega). A negative control using all reagents except template DNA was also included. Reactions were carried out in a T3000 thermocycler (Biometra) using the following cycling conditions: 2 min at 95°C followed by 40 cycles of 95°C for 30 sec, 55°C (for *CD3ɛ* gene) or 53°C (for *CD3ζ* gene) for 1 min, and 72°C for 1 min. A final extension step at 72°C for 5 min was performed after the cycles. After this step, samples were kept at 4°C until being electrophoresed in 2% agarose 1×TAE (Tris \[40 mM Tris\], acetic acid \[20 mM\] and ethylendiaminetetraacetic acid \[1 mM\]) gels. For visualization of electrophoresed PCR products, gels were stained with 1×SYBR® Safe DNA Gel Stain (Life Technologies) and digital images were captured in a Gel Doc XR+ system (Bio-Rad).

Statistical analysis {#s007}
--------------------

Chi-squared test was used to compare F3 genotype frequencies with the Mendelian frequencies that would be expected based on the genotype of the F2 parents.

Results and Discussion {#s008}
======================

We designed specific PCR primers to amplify either the WT or KO alleles of *CD3ɛ* and *CD3ζ* genes from genomic DNA templates (see Methods; [Fig. 1](#f1){ref-type="fig"}). Genomic DNA was extracted from tail tissue from the following mice: (i) B6 WT, (ii) CD3γδɛζ^−/−^, and (iii) CD3γδɛζ^−/−^×B6 F1 (F1) mice (double heterozygous for the *CD3ɛ* and *CD3ζ* WT and KO alleles). The resulting DNA samples were used as templates of known genotype to test the amplification of the WT and KO alleles by PCR for both *CD3ɛ* and *CD3ζ* genes. During the optimization of the PCR amplifications, slight changes in the annealing temperature of the primers specific for the different *CD3ɛ* and *CD3ζ* alleles being tested compromised either the specificity or the annealing of the primers (data not shown). We established 55°C as the optimal annealing temperature for the primers specific for the *CD3ɛ* alleles, while 53°C was optimal for the *CD3ζ* primers ([Table 1](#T1){ref-type="table"}). PCR products were visualized following electrophoresis in 2% agarose gels. As expected from our primer design described in [Figure 1](#f1){ref-type="fig"}, WT and KO alleles for the *CD3ɛ* and *CD3ζ* genes generated PCR products of distinguishable size (data not shown). Therefore, we combined the PCR products from the amplification of the WT and KO alleles for each *CD3* gene and electrophoresed them together in one single lane. As shown in [Figure 2](#f2){ref-type="fig"}, the mixed PCR samples generated unique, clearly distinguishable, band patterns on the gels for each *CD3* gene and the expected genotypes (homozygous WT, heterozygous \[Het\], homozygous KO).

![WT and KO alleles of the *CD3ɛ* and *CD3ζ* genes can be distinguished by PCR. Genomic DNA samples from the mouse strains B6, CD3γδɛζ^−/−^, and their F1 cross (B6 × CD3γδɛζ^−/−^) were tested by PCR for the amplification of either the WT or KO alleles of the *CD3ɛ* **(A)** and *CD3ζ* **(B)** genes. For each *CD3* gene and mouse strain tested, the PCR amplifications of the WT and KO alleles were mixed and loaded together in 2% agarose gels. Arrowheads indicate the size of the PCR products found in the gels. As expected according to each genotype, B6 and CD3γδɛζ^−/−^ mice generated single PCR products from the either the WT or the KO alleles, respectively, while F1 mice displayed heterozygosity (Het) by generating the PCR products for both alleles.](fig-2){#f2}

Breeding experiments were undertaken to examine the inheritance patterns associated with the PCR products marking the WT and KO alleles. First, F2 offspring resulting from intercrossed F1 mice (CD3γδɛζ^−/−^×B6) were genotyped for *CD3ɛ* and *CD3ζ* genes by PCR. Next, five breeding pairs were arranged that consisted of F2 parents with heterogeneous genotypes for both genes. Finally, the F3 offspring resulting from these breeding pairs were genotyped by PCR ([Table 2](#T2){ref-type="table"}). The PCR results were subjected to chi-square testing, which showed that the genotypes for both CD3 genes found by PCR followed the expected Mendelian distributions ([Table 2](#T2){ref-type="table"}). As anticipated from the extensive work with this cassette reported in the literature,^[@B18],[@B19]^ these results indicate that the neo-cassette is stably inserted in the genome of these mice, allowing access by PCR as a reliable method for genotyping.

###### 

Polymerase Chain Reaction--Based Genotyping of CD3 Alleles Confirms Mendelian Inheritance of the Wild-Type and Knockout Genes

                                        *No. of F3 mice/genotype*                                        
  ----------------------- ------ ------ --------------------------- ----- ------ ---- -------------- --- ---
  PCR *CD3ɛ* genotype                                                                                    
   1                      HT     HT     1.5                         3     1.5    3    1              2    
   2                      HT     WT     3.5                         3.5   0      4    3              0    
   3                      HT     KO     0                           2     2      0    1              3    
   4                      HT     HT     1.25                        2.5   1.25   2    2              1    
   5                      HT     WT     3.5                         3.5   0      3    4              0    
   Total number of mice   9.75   14.5   4.75                        12    11     6    *p* = 0.4289       
  PCR *CD3ζ* genotype                                                                                    
   1                      HT     KO     0                           3     3      0    4              2    
   2                      HT     KO     0                           3.5   3.5    0    4              3    
   3                      HT     KO     0                           2     2      0    1              3    
   4                      KO     WT     0                           5     0      0    5              0    
   5                      HT     HT     1.75                        3.5   1.75   1    3              3    
   Total number of mice   1.75   17     10.25                       1     17     11   *p* = 0.8285       

F2 offspring resulting from intercrossed F1 mice (CD3γδɛζ^−/−^ × B6) were genotyped for *CD3ɛ* and *CD3ζ* genes by PCR. Subsequently, five breeding pairs were arranged that consisted of F2 parents with heterogeneous genotypes for both genes. The table summarizes the PCR genotypes of the F2 parents, and the numbers of expected versus PCR-observed genotypes among the F3 offspring. The chi-square test showed that the numbers of F3 mice found by PCR for each possible *CD3ɛ* and *CD3ζ* genotype were not significantly different from their expected frequencies based on a Mendelian distribution of the *CD3ɛ* and *CD3ζ* WT and KO alleles (*p* \> 0.05).

PCR, polymerase chain reaction; HT, heterozygote.

To conclude, we have designed a rapid and robust PCR-based method for identifying CD3γδɛζ^−/−^ mice. These mice represent a critical component of studies that incorporate the use of the TCR/CD3 retrogenic bone marrow reconstitution system. The clear and simple screening technique presented here is predicted to facilitate identification of these mice in breeding colonies, and the use of these mice in experiments.
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